The enzyme NAD(P)H:flavin oxidoreductase (flavin reductase) catalyzes the reduction of soluble flavins by reduced pyridine nucleotides. In Escherichia coli it is part of a multienzyme system that reduces the Fe(III) center of ribonucleotide reductase to Fe(II) and thereby sets the stage for the generation by dioxygen of a free tyrosyl radical required for enzyme activity. Similar enzymes are known in other organisms and may more generally be involved in iron metabolism. We have now isolated the gene for the E. coli flavin reductase from a Agtll library. After DNA sequencing we found an open reading frame coding for a polypeptide of 233 amino acids, with a molecular weight of 26,212 and with an N-terminal segment identical to that determined by direct Edman degradation. The coding sequence is preceded by a weak ribosome binding site centered 8 nucleotides from the start codon and by a promoterlike sequence centered at a distance of 83 nucleotides. In a Kohara library the gene hybridized to position 3680 on the physical map ofE. coil. A bacterial strain that overproduced the enzyme approximately 100-fold was constructed. The translated amino acid sequence contained a potential pyridine nucleotide-binding site and showed 25% identity with the C-terminal part of one subunit (protein C) of methane monooxygenase from methanotropic bacteria that reduces the iron center of a second subunit (protein A) of the oxygenase by pyridine nucleotides.
The enzyme NAD(P)H:flavin oxidoreductase (flavin reductase) catalyzes the reduction of various flavins (riboflavin, flavin mononucleotide, and flavin adenine dinucleotide [FAD] ) at the expense of reduced pyridine nucleotides (4) . The enzyme was discovered in Escherichia coli as a component of a complex multiprotein system that catalyzes in vitro the transformation of an inactive form of ribonucleoside diphosphate reductase into an active enzyme (4) (5) (6) . The overall reaction involves the oxidation of a specific tyrosine residue (Tyr-122) of the inactive ribonucleotide reductase into a stable tyrosyl-free radical, required for the activity of the enzyme. The function of the flavin reductase is to reduce in a first step the Fe(III) center of ribonucleotide reductase to Fe(II). Subsequently, oxygen regenerates the Fe(III) center and transforms Tyr-122 into a radical.
Similar flavin reductases occur in luminous marine bacteria, in which they provide reduced flavins required for the luciferase reactions (7, 12, 18) , and also in Bacillus subtilis (8) and human erythrocytes (29) . Reduced flavins have the capacity to reduce Fe3" to Fe2+, both in free form and bound to carrier proteins, and flavin reductases may be generally involved in the release of Fe2+ from storage forms of Fe3". Ferric iron reductases that were described both in bacteria and mammalian cells probably are flavin reductases.
After a more than 4,000-fold purification, the E. coli flavin reductase was obtained in an apparently homogeneous form (4 Here we describe the cloning of the gene coding for the enzyme, its nucleotide sequence, and the construction of a plasmid for the overproduction of the enzyme. These experiments are a prerequisite for further studies of the in situ function of flavin reductase.
MATERIALS AND METHODS
Materials. The bacteria used were C600 rK-mK F-thi-J thr-J leuB6 lac Yl tonA21 supE44 (1, 20) , JM109 endAl recAl syrA96 thi hsdR17 relAl supE44 A(lac-proAB) [F' traD36 proAB lacIqZAM15], JM1O9(DE3) (JM109 containing a chromosomal copy of the gene for T7 RNA polymerase [28] ), and Y1090 A(lacUJ69) proA+ A(lon) araD139 strA supF hsdR [trpC22::TnJO] (pMC9) (9) . The phage used was Xgtll (9) . The plasmids used were pEE1000 (this paper), pEE1001 (this paper), pGP1-2 (contains the T7 polymerase gene under c1857 control [27] ), pTZ18R (17) , and pUC18 (19) . As the enzyme, flavin reductase purified to apparent homogeneity (fast-protein liquid chromatography step) was a preparation available in this laboratory. As synthetic oligomers, the oligonucleotides were synthesized with a Gene assembler (Pharmacia). Two degenerate oligonucleotides, REPE8 (5'-TGT/C AAA/G GTT ACC AGC/T GTT GAA/G GCT ATT/C AC-3') and REPE9 (5'-TGT/C AAA/G GTT ACC TCC/T GTT GAA/G GCT ATT/C AC-3'), both corresponding to the amino acid sequence CKVTSVEAIT at the N terminus of flavin reductase, were used for library screening. The beled iodoacetate (13) . After removal of the reagents by extensive dialysis against 1 mM HCl followed by several changes of distilled water, the protein was lyophilized and applied directly onto glass filter discs or was electroblotted after separation by SDS-polyacrylamide gel electrophoresis (2) . DNA hybridization. The DNA was transferred from the agarose gel to nitrocellulose paper and hybridized with 32P-labeled oligonucleotides (23) . Oligonucleotide labeling was performed with [_y-32P]ATP and T4 polynucleotide kinase (23) .
Immunoblotting. To prepare cell extracts, the bacteria were treated with egg white lysozyme (0.3 mg/ml) plus T4 lysozyme (0.15 ,ug/ml) in 0.1 M Tris-HCl (pH 9.0)-i mM EDTA-1 mM phenylmethylsulfonyl fluoride for 45 min on ice, frozen and thawed (on ice) twice, and centrifuged in an Eppendorf centrifuge for 30 min at 4°C. After separation by SDS-polyacrylamide gel electrophoresis and transfer to nitrocellulose sheets, the protein bands were identified with the antibody.
Determination of flavin reductase activity in bacterial extracts. The appropriate bacterial strain was grown at 30°C in 50 ml of Luria-Bertani medium with 0.5% yeast extract to a final density of 0.5 at 495 nm. Where indicated, the temperature was raised to 42°C for 90 min before harvest. The bacteria were pelleted by centrifugation and washed twice with isotonic Tris buffer, and total protein was extracted after treatment with lysozyme (see above). After centrifugation, flavin reductase activity was determined as described previously (4). Enzyme activity was calculated from the linear part of the curve measuring the decrease in the A340 nm (NADPH oxidation). Fig. 4 . Screening of the lambda miniset. A miniset of specialized tranducing lambda phages carrying identified, overlapping E. coli chromosomal fragments was obtained from Y. Kohara (15) . The phages were spotted onto a lawn of strain Y1090, transferred to a cellulose nitrate filter after overnight incubation, and hybridized to 32P-labeled oligonucleotides (23) .
Nucleotide sequence accession number. The GenBank accession number for the sequence in this paper is M61182. imately 40,000 plaques were screened with monospecific polyclonal antibodies. Eight putative flavin reductase clones were isolated.
To eliminate false-positive plaques, the insert DNA of the clones positive with antibodies was amplified by the polymerase chain reaction using primers located to the right and left of the EcoRI site in Xgtll. The amplified DNA was hybridized with the oligonucleotides designated REPE8 and REPE9 corresponding to the N-terminal amino acid sequence of the flavin reductase. None of the eight clones hybridized with REPE8, while three hybridized with REPE9 (data not shown). One of them was chosen for further analysis, and the inserted E. coli DNA fragment, about 2.3 kb long, was cloned into pUC18, giving plasmid pEE1000. A restriction map of the cloned fragment is shown in Fig. 1 .
Sequence analysis of thefre gene. The nucleotide sequence of the Sau3AI-BglII fragment of pEE1000 was determined after subcloning into pUC18 as outlined in Fig. 1 . The DNA sequence thus obtained is shown in Fig. 2 .
The region contains one open reading frame starting at position 76. The first in-frame start codon is ATG located at position 121. Since the deduced amino acid sequence corresponds to the N-terminal amino acid sequence determined for flavin reductase, this open reading frame was assigned to the enzyme. The open reading frame ends at position 820 with an opal stop codon, giving rise to a polypeptide of 233 amino acid residues with a molecular weight of 26, 212 (Fig.  2) . This is slightly lower than the value of 28,000 to 29,000 estimated from SDS-polyacrylamide gel electrophoresis (4).
The DNA sequence preceding the presumed start codon of the fre gene contains a potential weak ribosome binding site (26) centered around nucleotide (nt) -112 and a promoterlike sequence (21); at nt 23 there is a potential -35 region with the sequence TTGACG followed by a potential -10 region with the sequence TATTTT 19 nt further down. The DNA sequence following the coding part of the fre gene contains a GC-rich inverted repeat of 6 nt, and the transcript is expected to contain a stem-loop structure that might constitute a factor-dependent transcriptional termination signal (10) .
Overexpression of flavin reductase. In an attempt to overproduce the flavin reductase, plasmid pEE1001 was constructed. It has the 0.8-kb-long EcoRI-BglII fragment containing the flavin reductase gene inserted into plasmid pTZ18R in such a manner that the coding sequence of the enzyme can be transcribed from the T7 promoter. T7 RNA polymerase activity was induced from the compatible plasmid pGP1-2 by shifting the temperature to 42°C. In extracts from plasmid-free E. coli, the specific activity of flavin reductase varied between 20 and 50 U/mg of protein. An extract prepared from bacteria containing only plasmid pGP1-2, grown at either 30 or 42°C, gave a value of 26.
Extracts from bacteria carrying plasmid pEE1001 together with pGPl-2 gave values of 2,500 (30°C) and 2,600 (42°C) U/mg of protein, suggesting a 50-to 100-fold overexpression of the enzyme. Plasmid pEE1001 was also transformed into strain JM109(DE3), which has an isopropyl-p-D-thiogalactopyranoside inducible chromosomal copy of T7 RNA polymerase. The induced level of flavin reductase was not higher in this system than in the one described above (data not shown).
Overproduction of the enzyme was also apparent in with a polyclonal rabbit antibody, a much more heavily stained band was found at the position of the flavin reductase in extracts from bacteria containing plasmid pEE1001 (Fig.  3) . Results were similar with noncentrifuged and centrifuged extracts (Fig. 3a) . Bacteria grown at 30°C were not different from bacteria grown at 42°C. In a second experiment (Fig.  3b) , various known amounts of authentic flavin reductase were run on a gel side by side with various amounts of extracts from the overproducing strain to quantify the amount of enzyme present in the extracts. The results suggest that an extract containing 50 ng of protein contains approximately 1 ng of flavin reductase.
Taken together, our results establish that the bacterial construct indeed overproduces the flavin reductase protein. Activity assays suggest that the enzyme in the crude extract of the construct has a specific activity that equals that of the enzyme found during the published purification procedure before the phenyl-Sepharose step (4) . At 4 . Location of thefre gene on the physical map of E. coli of Kohara et al. (15) . The restriction map between ginA and metE is shown. The format of the restriction map shows, from the top row, BamHI, HindIII, EcoRI, EcoRV, BglI, KpnI, PstI, and PvulI. The location of our cloned fragment was deduced from the restriction map of Fig. 1 and is indicated by the vertical lines. Note that the orientation of the fre gene in this representation is opposite to that given in Fig. 1 .
results from the immunoblots that also suggest that 2% of the protein of the extract corresponds to flavin reductase.
It was disappointing that we could not increase the enzyme yield by heat induction of the T7 RNA polymerase that was expected to induce the T7 promoter. One possibility is that the leader region, which contains a potential promoter sequence, also has some transcriptional or translational regulating element. However, removal of the leader up to the ClaI site had no effect on the level of flavin reductase activity (data not shown). Instead, the poor ribosomal binding site may explain the lack of induction. Alternatively, the enzyme might be autoregulated at the translational level.
Location of the fre gene on the physical map of E. coli. Kohara et al. (15) have compiled a physical map of the E. coli genome by assembling a collection of specialized transducing lambda phages carrying identified, overlapping E. coli chromosomal fragments. A subset of these, the miniset, was screened for material hybridizable to two 32P-labeled oligomers, one corresponding to a sequence located within the coding part of thefre gene and the other corresponding to a region located about 900 nt downstream from the fre stop codon. Only one clone, 16G1, which contains the 3670 to 3690 (kb) coordinates in the physical map (15) (Fig. 4) .
DISCUSSION
A comparison of the amino acid sequence of E. coli Fre with known sequences of other proteins by searching the NBRF data base by the FASTP program (16) was negative. However, Par Nordlund, Department of Molecular Biology, Uppsala University, pointed out to us that the Fre polypeptide showed a significant similarity to the recently described structure of one of the subunits (protein C) of methane monooxygenase from methanotropic bacteria (25) . Protein C (molecular weight, 38,600) is larger than Fre (molecular weight, 26, 2000) and functions as a short electron transport chain. It contains both an iron-sulfur center and 1 mol of tightly bound FAD per mol of protein. At the N terminus the amino acid sequence shows considerable homology with plant and some bacterial ferredoxins, whereas the C-terminal part shows significant homology with NADH:cytochrome b5 reductase from human erythrocytes. We now find that the C-terminal part of protein C also is significantly similar to the Fre polypeptide (Fig. 5) . The overall residue identity is 58 of 233 positions compared (25%), disregarding terminal overshooting regions at two internal gap segments of (together) 25 residues at the N-terminal half of the protein.
The following discussion first concerns the C-terminal half of Fre. A striking similarity with monooxygenase starts with a continuous 5-residue sequence (AGGTG) at positions 110 to 114 of Fre. From here on, 35 of 123 residues (28%) of the two proteins occupy identical positions. In predictions of secondary structure (3), this segment covers the end of a 1-strand and a reverse turn at a segment of predicted alternating 13-turn-ot structures in a manner typical for nucleotide-binding domains of dehydrogenases (22) . Furthermore, hydropathy curves (11) show this segment of the Fre polypeptide to give a pattern similar to the consensus pattern for enzyme during purification and must be supplied from the outside to the purified protein for catalytic activity. In contrast, both monooxygenase and cytochrome b5 reductase bind FAD specifically with high affinity. Their flavin remains bound during purification, and they therefore qualify as flavoproteins.
With these differences between the affinities of the three enzymes for flavins in mind, we can now attempt to find a possible flavin-binding site in their amino acid sequences. Comparisons of the three enzymes starting at the common AGGTG motif towards the C terminus show a 30% identity (35 of 117 positions) between monooxygenase and cytochrome reductase (25) but only a 15% identity between Fre and cytochrome reductase (data not shown). Of special interest is motif CGPPGMI at residues 311 to 317 of monooxygenase. Six of seven residues are conserved in cytochrome reductase (CGPPPMI) at the corresponding positions (25) , but only two are conserved in Fre (AGRFEMA). This motif might form part of a flavin-binding site. The higher degree of conservation between monooxygenase and cytochrome reductase than with Fre then would correlate with observed differences in flavin-binding behavior.
The other half of Fre that constitutes the 100 N-terminal residues has certain extreme properties. The hydropathy plots highlight two very hydrophilic segments, each with six consecutive residues, DERDKR (positions 42 to 47) and RDDEER (positions 99 to 104), both presumably surface residues. These two parts or the rest of the N-terminal domain shows no obvious repeat patterns. The second charged segment is at the end of the N-terminal part, just at a possible interdomain segment before the putative pyridine nucleotide-binding domain.
The remarkable homology between Fre from E. coli and protein C from methanobacteria suggests a similarity in physiological function for the two proteins that extends further than to their ability to catalyze the reduction of flavins by pyridine nucleotides. In addition to protein C, methane monooxygenase contains two other subunits: 
